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Abstract 

We investigate O'Raifeartaigh-type models for F-term supersymmetry breaking in 
gauge mediation scenarios in the presence of gravity. It is pointed out that the vacuum 
structure of those models is such that in metastable vacua gravity mediation contribu- 
tion to scalar masses is always suppressed to the level below 1 percent, almost sufficient 
for avoiding FCNC problem. Close to that limit, gravitino mass can be in the range 
10-100 GeV, opening several interesting possibilities for gauge mediation models, includ- 
ing Giudice-Masiero mechanism for /i and Bfi generation. Gravity sector can include 
stabilized moduli. 
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1 Introduction 



Gau ge m ediation of supersymmetry breaking to the Standard Model sector 

aaaaaaa 



aai 

llOl is an interesting alternative to gravity mediation. A considerable attention has 
recently been paid to gauge mediation models with very heavy messengers and the gravitino 



mass in the GeV range [12 



13, 14 



as a phenomenologically interesting possibility. Gravitino 
in that mass range is a viable dark matter candidate, consistentl y w ith a high reheating tem- 
perature needed for leptogenesis. [15|, lis |l7|, [l8|, ll9j, |20|, |2l|, |22j, |23|, |24J . On the other hand, 



there has been a revival of interest in O'Raifeartaigh-type mechanism of F-term supersymme- 
try breaking 25| a s the source of su persy mmetry breaking in gauge mediation scenarios, see, 



e.g. [26|, |27|, [28|, [29J, [30|, |31|, [32j, |33|, [34], [35|, |36|, [37|. This is partly motivated by the wide recog- 



nition of the role of metastable supersymmetry breaking vacua _in models with i?-symmetry 

With explicit models of 



broken spontaneously and/or explicitly by a small parameter 38 
supersymmetry breaking in gauge mediation scenarios at hand and with special interest in high 
scale supersymmetry breaking vacua, it is important to investigate in detail the role of gravity 
in such scenarios. 

Any physically acceptable model of spontaneous symmetry breaking needs gravity for elim- 
inating massless goldstino by the super-Higgs mechanism. But gravity may also be important 
for determination of the supersymmetry breaking vacua. A simple example is a. model discussed 
in 26( with the superpotential containing a linear term of a gauge singlet chiral superfield X 



responsible for supersymmetry breakdown. The messengers Q and q, transmitting the super- 
symmetry breakdown to the visible sector, transform as 5 and 5 of SU(5) and are coupled to 
the field X. The superpotential reads W = FX — XX Qq and the form of the Kahler potential, 



K = XX 



(xxy 

A 2 



+ qq + QQ 



(1) 



takes into account the loop corrections representing the logarithmic divergence in the effective 
potential coming from the effects of the massive fields in the O'Raifeartaigh model which have 
been integrated out. The sign of the second term in the Kahler potential is negative here. For 
A = supersymmetry is broken by Fx ^ and X is stabilized at 0. Supersymmetry is however 
restored by turning on the coupling A. The supersymmetric global minimum is at X = and 

Q = q = J F/X. Coupling the model to gravity changes the vacuum structure. Supersymmetric 
vacuum is still present as a global minimum (with shifted values of the fields) but in addition a 
local (metastable) minimum with broken supersymmetry appears, with vanishing vevs for the 
messengers fields. 

A constant c is added to the superpotential to cancel the cosmological constant at the 
metastable vacuum. Another fact worth mentioning is that, with gravity, after decoupling the 
messengers (A = 0) the supersymmetric vacuum disappears (as in the case without gravity) 
but the minimum is for X different from zero. In the above discussion, the role of gravity is 
linked to the negative sign of the second term in the Kahler potential, which follows from the 
O'Raifeartaigh model. However, more general models of a similar type can give positive sign 
for that term and X can be stabilized away from the origin, with broken supersymmetry [39], 
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with or without messengers even in the limit Mp — > oo. One can expect that the role of gravity 
is then more subtle. 

In both cases, the models without messengers can be used for supersymmetry breaking and 
F-term vacuum uplifting in the gravity mediation scenarios 40|, |4l|, |42|, |43|, |44 . 

The purpose of this note is to investigate a certain broad class of O'Raifeartaigh-type models 
(ORT models) [31] as the mechanism for supersymmetry breaking in gauge mediation scenar- 
ios, coupled to gravity. The ORT models for supersymmetry breaking may contain only SM 
singlets and then for gauge mediation of supersymmetry breaking they must be supplemented 
with the messenger sector. The ORT models may themselves contain fields charged under SM 
gauge symmetries, participating in the dynamics of supersymmetry breaking and simultane- 
ously transmitting it to the SM. Finally, the supersymmetry breaking sector may obey the 
SU(5) symmetry or SU(5) symmetry may be explicitly broken by the masses and couplings. 
The gravity sector may or may not contain additional fields (moduli). 

We investigate the vacuum structure of the globally supersymmetric models and after cou- 
pling them to gravity. We find that in the latter case, metastable local minima with broken 
supersymmetry exist only for the values of the supersymmetry breaking field X stabilized below 
certain upper bound of order 10~ 3 Mp. In addition, at the tree level, there always exists a stable 
Polonyi-type minimum with X rs Mp but we are interested only in the vacua with X stabilized 
at values such that quantum corrections from the messenger and O'Raifeartaigh sectors are 
under perturbative control. 

This result has interesting implications for the possible importance of gravity mediation 
relative to gauge mediation (see also [45]) in models where gravity is coupled to the ORT models 
of supersymmetry breaking, in the presence of charged under SM gauge group messengers. 
After coupling to gravity, in metastable vacua gauge mediation remains always the dominant 
mechanism. Another version of the same conclusion is that, in moduli stabilization models 
with F-term uplifting in metastable vacua, adding messengers changes gravity mediation into 
dominantly gauge mediation. At the same time, our results show that gauge mediation with 
messenger masses up to 10 15 GeV and gravitino mass up to 100 GeV is a viable possibility. We 
investigate some phenomenological consequences of such scenarios. One question is whether 
the range of values of the [i and Bfi parameters consistent with the electroweak breaking can 



be compatible with Giudice-Masiero mechanism 46]. The idea of employing gravity to solve 



the \x problem of gauge mediation bears some resemblance to the motivation of 12j, though 
the tools we use and the models we build are quite different. 

We begin in Section [2] by reviewing globally symmetric ORT models and classifying them 
according to the existence or nonexistence of supersymmetry breaking vacuum with I / . 
In Section [3] we discuss the role of gravity. We show that coupling to gravity has important 
implications for the accessible range of values for stabilized X. We also consider the gravity 
sector with moduli fields and discuss the moduli stabilization in this context. We also review 
scenarios that, potentially, could lead to the dominance of gravity mediation in our present 
general set-up. In Section H] we turn our attention to ORT models in which the messenger 
sector does not exhibit the unified SU (5) symmetry. Such models have been advocated in |3l|] 
as a possible remedy to the fine-tuning problem of the MSSM. We study some simple but viable 
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examples of these models and determine their properties. We then proceed to Section [5] where 
we discuss the phenomenological implications of the models studied in Sections [2] and H] in the 
presence of the upper bound on the value of X found in Section [37TT . Finally, Section [6] contains 
our conclusions. 



2 Properties of metastable supersymmetry breaking vacua 
in generalized O'Raifeartaigh models 

In this section we discuss globally supersymmetric ORT models. A simple reference model is the 
original O'Raifeartaigh model itself [251 ]. with its effective form mentioned in the Introduction. 
We consider a single field X with R(X) = 2 and with a linear term in the superpotential, and a 
sector consisting of iV pairs of fields fa, fa belonging to ra^-dimensional conjugate representations 
of a gauge group0 We assume that at tree level these fields have canonical Kahler potential 
and that their interactions are described by the most general superpotential consistent with R 
symmetry: 

N N 

W = FX + &( m v + X H X )<t>i > ( 2 ) 

i=l j=l 

where the mass parameter my can be nonzero if and only if R(fa)+R((pj) = 2, and the coupling 
Ay can be nonzero if and only if R(fa) + R(4>j) = 0- Without loss of generality, we can order 
the fields so that the R(<f>j) do not increase and R{<pj) do not decrease with j. Interactions of 
X with (pi and <f>j induce an effective potential for X. In the leading order in the parameter 
F/rh 2 , where m is a representative mass scale of m», the presence of the effective potential can 



be accounted for by introducing a correction to the Kahler potential [3a ]: 



5K = ^-Tr 

16tt 2 



(3) 



where Q is the cutoff of the theory (we take it equal to Mp) and we denote by .My = my+AyX 
the X-dependent mass matrix for <pj, fa. It is known that gaugino masses generated at one 
loop are proportional to Fdx lndet M.. Thus, in order to generate gaugino masses at one loop, 



det.M must depend on X. However, in [39|, it is shown that for det m^fl i?-symmetry implies 
that det A4 = det m. Therefore, in order to generate gaugino masses at one loop, Ai must be 
singular in the limit X — > (i.e. matrix m must have at least one zero eigenvalue) [3lj]. One 
possibility of constructing such a model consists in choosing i?-charges so that M. can be split 
into a singular and nonsingular part as: 

M ^ = ( A A ' M°(X) ) • < 4 > 



1 For self-conjugate representations, we may identify the two sets of fields, simultaneously dividing by 2 
in our subsequent formulae. In the case of singlets we may also have to impose a parity symmetry under which 
these fields are odd, in order to distinguish them from the field X. 
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where the matrix A4 ns (X) is the maximal submatrix of M. such that det.M ns does not depend 
on X. We now denote by A the submatrix of A which has not been included in A4 ns . 

A few comments are in order here. Firstly, the form (j3J) is by no means necessary for 
constructing a successful model of supersymmetry breaking and its mediation to the visible 



sector, as shown explicitly in [3JJ and as we show later in Appendix B with our examples (v) 
and (vi). However, the form (j3J) is a perfectly admissible possibility, dependent only upon the 
assignment of the i?-charges and we thereby find it interesting to explore the structure of such 
models. The two sectors of the fa and fa fields distinguished by @ need not belong to the same 
gauge representation. Indeed, for generating soft supersymmetry breaking masses of the MSSM 
fields only the sector coupled to AX has to transform nontrivially under the gauge group (we 
shall call it the messenger sector), while it is possible that the sector coupling to M. ns consists 
only of gauge singlets. However, the nonsinglets of the latter sector (which we shall call the 
O'Raifeartaigh sector), if present, can give contributions to the masses of the MSSM scalars. 
These contributions are of the order of ~ _F(X)/(m ns ) 2 , where m ns is a typical mass scale of 
Ai ns , so they can (but do not have to) be much smaller than the contribution of the first sector 
which are of the order of ~ F j (X). 

Finally, up to the presence of the messenger sector which becomes massless in the limit 
X — > 0, the models characterized by (jl]) are the Type I models of 3l[, and we shall henceforth 
refer to them in this manner. 

We shall now discuss the vacuum structure of that class of globally supersymmetric models 
under the additional assumption that messengers becoming massless in the limit X — > give 
negligible contribution to the Kahler potential ([3]). Thus, we assume that the block Ai ns in 
(j4j) gives the dominant contribution to (j3J). A global unitary transformation of the fields of the 
same .R-charge allows writing rriij = rriidij with real and positive m,. The case of degenerate 
mass parameters can be treated as a simple limit of a nondegenerate spectrum. We can then 
expand the correction ([2D to the Kahler potential in powers of |X| as: 

«~£ri>(^)". < 5 > 

In flHJ) we have extracted the overall dependence on the representative mass scale m and coupling 
strength A, so that the dimensionless functions fit depend only on ratios Ay /A and pi = rrii/m. 
Note that the scale A appearing in eq. ([1]) is now given (for f± > 0) by A = 47rrh/ (X 2 n 1 J 2 \f4 : \ 1 ^' 2 ) 
and it can be significantly larger than the scale fh. In terms of the coefficients fi, the scalar 
potential (with vanishing vevs of the messenger fields) 

V(fa, 4>j, X) = {Kxxr'lF + Kjfafal 2 + |A| 2 (A^A* fc <^ + lifXljMl) (6) 
reads for fa = d>~ = 0: 



v{\x\) 



r^A 2 / . „ / AIXI \ 2 „ „ /AIAT 1 



(7) 
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In this expansion we denoted by . . . terms of higher order in |X| as well as contributions from 
the messenger sector. We also suppressed the effects of the |X|° and |X| 2 in (jSJ). The former 
amounts to overall rescaling of the superpotential and the latter restores canonical normalization 
of X by rescaling X — > (1 + (n^A 2 / 2 )(167r 2 ))X; both are corrections of higher order in powers 
of A 2 /(16vr 2 ). 

Obviously, the vacuum structure in the limit A — > depends on the signs of the coefficients 
/ 4 and Jq. For / 4 > there is a minimum for X = with broken supersymmetry. We see the 
correspondence to the discussion in the Introduction. Turning on the couplings A we recover 
supersymmetric minimum at X = 0. For / 4 < the extremum is for 1^0 and its character 
depends on the sign of /g. Also the value of X in the extremum depends of fa. Turning 
on the couplings A we get a global supersymmetric minimum at X = 0, too, but for / 6 > 
the metastable minimum at X ^ and with broken supersymmetry is still present. The 
presence of a supersymmetry breaking minimum with 1^0 may be endangered by turning 
on couplings A in three ways: a large contribution of A to the scalar potential or a development 
of tachyonic masses in the X and/or messenger sector. None of these situation occurs if, 
parametrically, F/\X\ 2 < |A y -| <C X 2 \X\/m. Since the sign of / 4 distinguishes between the two 
significantly different possibilities, it is interesting to determine / 4 for a generic O'Raifeartaigh 
sector. Generally, the functions f2t depend in a rather complicated way on the original model 
parameters. A general method for finding them and explicit results for a somewhat simplified 
class of models, in which one can write Ay = Xqie lipi 5i + ij, are presented in Appendix A. Using 
these results, we can calculate / 4 and, if necessary, / 6 in general Type I models, as shown with 
a few simple examples in Appendix B. 

We have so far assumed that the model is described by the reducible matrix (j4]). We have 
briefly analyzed the necessary conditions for the messenger sector not to affect the position of 
a metastable supersymmetry breaking minimum (if it exists). Here we would like to extend the 
class of models under consideration by still keeping the reducible form of the matrix M. but 
replacing the submatrix AX in (J3J) by 



M s 



( A]X rh\ 
A 2 X 



V 



m 2 



\ 



N-l 



Writing this expression we assumed that in the messenger sector all the fields fa have different 
.R-charges and that all the fields 4>j have different -R-charges. The generalization consists in 
adding explicit mass terms in the messenger sector, but in such a way that in the limit X — >• 
the matrix Ai s has at least one zero eigenvalue and the gaugino masses can be generated. 
In the language of 3l|, our model is now a hybrid of a Type I and Type II model which is 



classified there as a Type III model. From now on we shall assume that all the mass terms 
fhi are nonzero, otherwise A4 S can be split in two independent blocks whose contributions to 
the effective potential add up. We would like to check if the present form of the messenger 
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sector can result in developing a supersymmetry breaking minimum with 1^0 despite f± > 0. 
As before we can extract a representative coupling strength A' and a representative mass scale 
rh' and define coupling and mass ratios as q[ = Aj/A and p\ = fhi/fh. Around X = the 
eigenvalues of A4 S ^A4 S can then be expanded as rh 2 (p'^ 2 + 0{\'X/fh') and f (\\X\/rh) 2N , where 
fo = Ui=M) 2 /Ui=i V ? ) 2 - Th e effective Kahler potential © can then be expanded as: 



Ib7i z \ \ m J \ m J \ m 



(9) 



In (Q we included the lowest-order nontrivial monomial (recall that a \X\ 2 in SK only rescales 
X) and the only term proportional to In \X\. For simplicity we also assumed that the messenger 
and the O'Raifeartaigh sector are made of the same representations. We also set A' = A and 
rh' = rh assuming that this choice leads to a reliable expansion of 8K. Now f± is a sum 
of two contributions: one from the O'Raifeartaigh sector and the second coming from the 
messenger sector. The latter can also be calculated from our formulae in Appendix A with 
qj replaced by q'j +1 for j = 1,...,N — 1 and with additional contributions from q'^ = q[, 
p'jy = and p'jy +1 = Pi- The logarithmic term in ([9]) generates an additional contribution 

8A^ 3 / (A|A|/m)( 2iV ~ 2 ' ) ln(A|A|/m) to the expansion of the effective potential. For small values 
of \X\ the negative logarithmic term may compensate a positive value of f± to generate a 
metastable minimum with 1^0. If / 4 < then both the quartic and the logarithmic term in 
(JH]) pull X away from zero and one should consider higher-order terms to find the position of 
the minimum. A particular case of this scenario is a possibility that the O'Raifeartaigh sector 
is absent and a metastable supersymmetry breaking minimum arises only through interactions 
of the messenger sector (Type II models of 3l|]). Some examples of models in which the 



messenger sector can affect the position of the supersymmetry breaking minimum are discussed 
in Appendix B. 

We have so far assumed that the interactions stabilizing X at the supersymmetry breaking 
minimum obey a unified 377(5) symmetry (which includes the case of the O'Raifeartaigh sector 
consisting of gauge singlets). It has been argued that going beyond this assumption may 
lead to interesting phenomenological consequences (e.g. higgsino (N)LSP, light gluinos and/or 



stops, small fine-tuning) in both gravity mediated [47] and gauge mediated |31|, |48| scenarios of 
supersymmetry breaking. Such models (with gauge mediation) will be discussed in Section HI 
In conclusion, we have discussed in this section globally supersymmetric ORT models. It 
is clear that the vacuum structure of such models depends on their details. Both options are 
open: they may or may not have metastable supersymmetry breaking vacua, with 1^0. 
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3 Supergravity vacua of generalized O'Raifeartaigh mod- 
els 



3.1 Constraints on the scale of supersymmetry breaking 

In this section we couple an ORT model to gravity, as an illustration of gravity effects on such 
models. We have checked that those effects are generic and our results apply to all models 
considered here. They are of two kinds: one can be anticipated on the basis of the results of 
jifj - for ORT models with > 0, i.e. with no minimum with broken supersymmetry and 
1^0, gravity effects lead nevertheless to a metastable minimum of that kind. The other 
gravity effect is universal - for models with and without metastable minimum with X ^ in 
the global limit, inclusion of gravity leads to the vacuum structure such that there is an upper 
bound on the values of X in the metastable vacua, X <C Mp. In addition, for the same values 
of parameters, there always exist a tree-level Polonyi-like minimum with broken supersymmetry 
and with X « Mp. Clearly, those effects have interesting physical implications for the gauge 
mediation models, to be discussed in the next section. 
In supergravity, the scalar potential for X is given by: 

V(X) = e K/M p [(d x W + (d x K/Mp)W) (d x W + (d x K/Mp)W) - 3WW/M P ] , (10) 

where we take K to be the sum of the canonical Kahler potential and the one-loop correction 
([3]), and we assume that the superpotential W is (J2D plus a constant term c necessary to cancel 
approximately the cosmological constant. 

For X > 0, the scalar potential can be written in a form similar to d7j): 



V(X) 




+ 9 /e(^)V..J + ... 



where the first and second . . . denote term of higher orders in X and Mp 1 , respectively. The 
basic difference between the scalar potential in supergravity and in the globally supersymmetric 
case (J7j) is the presence of odd powers of X |26|]. In particular, if the minimum at X = exist 
in the global limit, i.e. f± > 0, then the linear term always destabilizes it, shifting it to a 
nonzero value. As an illustrative example we consider a model admitting both types of vacua, 
depending on the values if its parameters, namely, that described in Appendix B, in Example 
(iii) with r = 1. Upon identification m = m/2, A = A and = 1/2, this model is equivalent 
to the model with singlet fields and the superpotential: 

R 

W = m0!0 3 + —m<pl + A0i0 2 A + FX + c . (12) 



A model described by (fT2l has been extensively studied in the global limit in 39(. Here we 



couple it to gravity and we again assume that the messenger sector does not affect the position 
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Figure 1: Positions of the minimum of the full supergravity potential for R = 1.5, R = 2.11 and 
R = 3 shown as large dark dots (full calculation), small light dots (5K truncated at 0(\X\ 6 )) 
and solid lines (approximate solutions described in the text) for A = 1. The dashed lines show 
\X/m= 1. 



of the local supersymmetry breaking minimum. When c = FMp/\/3 the effective potential 
(fTTj) vanishes in the limit \X\ — > 0. Only small corrections to this relation are necessary to 
make the cosmological constant vanish at the supersymmetry breaking local minimum of the 
potential with 1^0 and we shall use this approximate relation from now on. 
Functions f± and fa, defined in eq. (jSJ), have the following form: 

, l + 2i? 2 -3i? 4 + i? 2 ( J R 2 + 3)ln J R 2 

1 + 27R 2 - 9R 4 - 19R 6 + 6R 2 (R 4 + 5R 2 + 2) \nR 2 
h - 3(,R 2 - 1) 5 ' ( } 

As shown in [39j, the function f± is positive for R < 2.11 and negative otherwise (see also 
Figure [TT1 in Appendix B). The function /g is positive for R > 1/2, thereby ensuring (in the 
global limit) the existence of a metastable supersymmetry breaking minimum whenever f± < 0. 

If the approximation in the effective potential shown in fill I) is sufficiently accurate to 
determine the local supersymmetry breaking minimum with X ^ 0, we can envision three 
main classes of solutions depending on the sign and size of f^. For f\ < and f§ > we recover 
the minimum previously discussed in the context of globally super symmetric model: 

X ~^h^- (15) 
For / 4 > the position of the supersymmetry breaking minimum is determined by a balance 



between terms linear and quadratic in X 26]. The solution reads then: 



1 A 2 

x = ^T^i (16) 
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where, as before, A appearing in (jTJ) is given by A = 4nrh/ (\ 2 n J 2 lUl 1 / 2 ). Finally, we may have 
/*4 ~ 0, leading to a dominance of the quartic term over the quadratic one. We find then: 

9V3n^ 6 A 6 M P ' 

Note that including the supergravity corrections to the effective potential is crucial for the 
existence of solutions (jT6j) and (jTTl) . for which (X) is proportional to negative powers of Mp. 
All the three solutions (jT5j) - (jTTj) break .R-symmetry [49]: in ffl5|) .R-symmetry is broken sponta- 
neously, whereas the form of ( jl6j) and ( jTTl) shows that explicit soft .R-symmetry breaking (the 
constant term c in the superpotential) is transmitted to (X) through gravitational interactions. 
In Figured], we present results of numerical analysis for R = 3, R = 2.11 and R = 1.5, basi- 
cally corresponding to the solutions (jT5j) . (jTTl) and (jT6l) . respectively, in terms of the original 
parameter m in (1121) . We conservatively assumed a rather large value A = 1. Large dark dots 
represent the position of the minima calculated in the full supergravity potential with 5K de- 
fined in ([3]) and with the cosmological constant vanishing at the minimum. Small light gray 
dots correspond to minima calculated in the full supergravity potential, but with 5K truncated 
at 0(|X| 6 ) terms. Pairs of solid lines show the solutions ffl5|) and (jTTl) for R = 3 and R = 2.11, 
and the solutions (jT6l) and (jTTl) for R = 1.5. The dashed lines show XX /m = 1, i.e. the value 
of X for which the expansion in ([5]) is expected to break down. Our numerical analysis shows 
that all the three solutions can be realized in the simple model ( Fl2|) . depending on the value of 
the mass ratio R. We can also see that for increasing values of m (and thus (X)) the quartic 
term in (jTTl) becomes more important and for given R solutions (fl5j) and (fl6|) can be replaced 
by (jTTl) . However, unless I/4I «C fe, this regime occurs rather close to the XX /m = 1. 

We note that the local minimum disappears for mass scales of the O'Raifeartaigh sector 
slightly smaller than 10~ 3 Mp This can be understood by noticing that the solution (1171) . which 
is a good approximation for sufficiently large m, can be rewritten as: 

fXX\ 3 327T 2 m 

\m) 9V3f 6 ~X 3 M P { ) 

If the left-hand side of (fTTj) exceeds unity, our perturbative expansion ((SJ) breaks down and one 
should not expect the minimum to persist. It also follows from (jTSj) that the maximal scale m 
for which there exists a local minimum with I / scales as A 3 , which, upon substitution to 
(jTTj) shows that the corresponding value of X scales as A 2 . These observations are confirmed 
by our numerical analysis. Hence our example with A = 1 is a conservative choice indeed. 

We repeated the numerical analysis described above for several randomly generated models 
with the O'Raifeartaigh sector consisting from N = 4 to N = 10 pairs of fields (for the details of 
the randomization procedure, see Example (iv) in Appendix B) and checked if the metastable 
minimum disappears for large fh. We found that this is the case, indeed; in each example 
we had X/Mp < O(10 -3 ), which shows that the results for the particular example discussed 
in this Section can be applied to a broad class of ORT models, including those with broken 
SU(5) symmetry, to be discussed in Section HI This bound can, however, be made weaker by 
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introducing a messenger and/or O'Raifeartaigh sector with a very large number of fields, so 
that the one-loop corrections can compete more efficiently with Mp-suppressed corrections. 

We also note that although the three possibilities discussed above form an exhaustive list 
for the simple model we have considered, in more general situations one can have f± < and 
fe < 0, and to determine the position of the local minimum of the potential (j7j) or ffTTl) - if 
it exists - one has to consider terms of higher powers of X. Since in this case one obtains a 
solution that survives in the limit Mp — > oo, we believe that it has similar properties to (TT5l) . 

The numerical analysis supports the conclusion that the supergravity corrections provide 
an upper bound on the values of the mass scale rh of the O'Raifeartaigh sector for which the 
metastable supersymmetry breaking minima exist. In the particular example analyzed here, this 
bound is fh < 10~ 3 M P , which corresponds to A < 10~ 2 M P . 



3.2 Gauge mediation in the presence of moduli 

In this subsection we would like to extend our discussion to gauge mediation in the presence 
of moduli or, vice versa, to the impact of messengers on moduli stabilization. The presence of 
moduli is a generic future of gravitational sectors rooted in extra-dimensional models. In fact, 
ORT models, with SM singlets only, have been used as the source of supersymmetry breaking 
and the uplifting potential in supergravity models with moduli, stabilized by supersymmetric 
dynamics involving fluxes and nonperturbative superpotentials |42j, |43|, |4J]. In simple 



models discussed in the literature, one assumes that all moduli except one (let us call it T) are 
stabilized by fluxes and T is stabilized by a nonperturbative superpotential. Its Kahler potential 
reads K' = — 31n(T + T) and a general superpotential W C (T) involves a constant term and 
nonpertubative term, such as that of the KKLT model {5(|, W C (T) = Wq + Ae~ aT , or the KL 



model W C (T) = Wq + Ae~ aT — Be~ bT 51] . The minimization of the supergravity potential for 
the modulus in the absence of the O'Raifeartaigh sector amounts to solving D?W = 0, where 
DtW = Wt~ (3/ (T+T))(W/Mp),. i.e. the minimum with T stabilized at T is supersymmetric 
and in AdS. 

It is rather clear (see e.g. j42j) that the shift ST induced by the O'Raifeartaigh sector is 
small, provided the supersymmetry breaking parameter F in eq. d2J) is F <C Mp (we assume 
here that the parameters in the superpotential fl2]) do not depend on the values of the moduli). 
Furthermore, the induced supersymmetry breaking in the modulus sector is small. Ft <C Fx- 
Hence, in such simple models the presence of the modulus sector stabilized at the tree level 
does not interfere with supersymmetry breaking in the ORT models, even if gravitationally 
induced like in [26] or in models with / 4 > discussed in Section |5J The moduli sector replaces 
the constant c in the potential (|12|) . to fine-tune the cosmological constant to zero. 

It is worth checking the constraints on the moduli sector in the presence of messengers in 
the ORT models coupled to gravity with stabilized moduli. The scalar potential now reads (for 
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Figure 2: Values of aT following from relation (21\) as a function of {X)/Mp for three values 
ofaMp = 1/3, 1/10, 1/30. 

real parameters A, Wq and for X > 0): 

(T + T) 2 \W£\ 2 AW 



V(X,T) 



3 



3F 2 Mp ' ' ' FM 2 P 



c 

X- 



F 2 M P 
(T + f) 

n.A 2 / 2W C \ ( r f\X\ 2 e f\X\ 4 



(19) 



where we assumed the validity of supergravity approximation aT 3> 1 and denoted by . . . terms 
subleading in powers of aT. The new element of the present setup is the constraint following 
from the cancellation of the cosmo logical constant, correlating the value of the F parameter in 
the superpotential ([2D with the value of T in the presence of the dominantly gauge mediated 
soft terms. 

In the KKLT model uplifted by the O'Raifeartaigh sector [4J], the condition of the cosmo- 
logical constant cancellation in the limit X — > 0, following from ffl9|) . gives 



AaTe~ al = F , (20) 



(again corrections from the fact that the actual minimum is located at < (X) Mp are 
negligible). Also, since both the supersymmetric masses squared and supersymmetry breaking 
mass squared splitting within multiplets are rescaled by a factor e K (T+T) -3 both the gravitino 
mass 777,3/2 and the soft masses have to be multiplied by a factor e K ' /2 = (T + T)" 3 / 2 . With this 
correction, using equation (]2"0~I) and relation m gaug i no = (a/4ir)(F/(X)) (cf. eq. (1331) in Section 
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[5]) and noting that the coupling to the modulus does not alter the value of X in the minimum 
we obtain the following lower bound on the stabilized modulus T: 



(nM \^ e ~ aT in -uf !W \ f0-04\ (M P \ (X) 

For the reference values given above, the value of the modulus, T, following from this relation 
is shown in Figure [2] as a function of aMp for two values of (X)/Mp = 10~ 3 , 10~ 6 . Changing 
the right-hand side of (1211) by a factor of a few does not result in any significant changes of the 
value T. These rather large values of T min reflect, in part, the smallness of the ratio (134"I) in ORT 
models requiring the modulus vev larger by ~ - ln(m gaugirio /m3/2) with respect to usual scenarios 
with gravity mediation 44|. The mass scale of X depends on which supergravity solution is 
realized: for (JTSJ) we can estimate: m x ~ 0(1) TeV (m gaugino /100 GeV)(0.04/«)(A/l), while for 



(USD we find m x ~ 0(1) TeV (m gaugino /100 GeV)(0.04/a) V /10 3 (X)/M P . The mass scale of the 
modulus is m T ~ (aT)m 3/2 ~ (2/3)M P (A/ 1 M P )(aM P f/ 2 (aT) 1 / 2 e- al a requirement that so 
estimated m-r > 100 GeV can be translated to aT < 34, 35.5, 37.5 for aM P = 1/30, 1/10, 1/3, 
respectively. Depending on cosmological history such a light, only gravitationally coupled scalar 
is prone to introduce the well-known cosmological moduli problem. 

We note that one can attempt to loosen the correspondence between the parameter F and 
the gravitino mass, thereby relaxing the bounds discussed above. An example of such a strategy 
consists in coupling the messengers to a fields that plays only a secondary role in supersymme- 
try breaking, which suppresses the gauge mediated contributions to soft masses (see also 52|). 



The minimal possibility of this type utilizes Ft <C Fx and employs a superpotential coupling 
\e~ bT Qq instead of XXQq. This leads to the dominance of gravity mediation, introducing 
potentially large FCNC effects, or, if gravity mediation can be suppressed by means of seques- 
tering, the dominance of the anomaly mediation giving negative masses squared to sleptons, 
though the latter problem may potentially be cured by ~ (a/4ii)(Fx(X)/m 2 ) contributions to 
the scalar soft masses, mediated by the gauge interactions of nonsinglets in the O'Raifeartaigh 
sector. Instead of coupling messengers only to moduli one can also extend the model by adding 
another singlet X' with a superpotential F'X' with F' ^> F . The field X' can be stabilized at 
a supersymmetry breaking minimum with an O'Raifeartaigh sector of its own or by one shared 
with the field X. Both scenarios go beyond the scope of this work and we shall leave them for 
a future study. 

Various mass relations discussed above result from the fact that with aT ^> 1, the modulus 
sector has practically one mass scale tightly connected to F through cancellation of the cos- 
mological constant. More general models, e.g. the KL model 5jj obtained by adding another 
exponential term to the superpotential, allow for a complete separation of the modulus and 
messenger sector and the above conclusions following from (|20|) no longer hold. 



4 Models with broken SU(5) symmetry 

We have so far discussed models whose messenger sectors obey the unified SU (5) gauge sym- 
metry. Motivated by |3l|], where breaking of SU(5) symmetry allowed constructing models of 



13 



gauge mediation with a low messenger scale and a small \i parameter, we would like to extend 
this discussion to models with an arbitrary messenger scale. Here we review the properties of 
such simple models, concentrating on the predictions which depend on the structure of these 
models rather than on the actual model parameters. This discussion is then continued in Section 
where we calculate the low energy spectra of such models and discuss their consequences. 
We begin by recalling the general formulae for the soft masses in gauge mediated models. 
Using the Giudice-Rattazzi method of extracting the supersymmetry breaking effects from wave 



function renormalization [53j we find the one loop gaugino masses [31 



M r 



and the two-loop scalar masses: 

3 



(0\2 

7 ; 



with 



(m 



9r 
167T 2 



(r)\2 



F d x In det M 



128tt 4 / x 



A? 



E ln2 



Ml 



(22) 



(23) 



where r runs over the Standard Model gauge groups, C~ are the appropriate Casimir invariants 

and Mf are the eigenvalues of the mass matrix Ai^Ai. Equations (122]) and ( |23l) are valid at the 
scale at which we integrate out the messenger below this scale a usual renormalization 

group analysis is required. Since the Casimir invariants are the same above and below the 
messenger threshold, no A-terms are generated at the messenger scale. Equations (1221) and 
(I23p also assume universal interactions within each messenger multiplet {Aif do not depend on 
r); if this assumption is violated, e.g. when doublets of 57/(2) and triplets of 57/(3) forming 
a 5 representation of 57/(5) have different mass matrices, we should replace Aif by their 
appropriate components. 

In £7/(5)-symmetric models with N mess pairs of messengers in 5 + 5 representations and 
with supersymmetric masses proportional to (X), it follows from ff22l and fT23l) that the soft 
gaugino and scalar masses obey: 

2Cf } 

-M 2 r . (24) 



i (r)\2 

{my) 



N„ 



In models with more complicated messenger interactions, in particular in those with broken 



SU (5) symmetry, it is convenient to define, by analogy, an effective messenger number 31 



iVeff, 



[m 



(25) 



where M r and 



m 



( r )\2 



are given by (|22p and ff23l . respectively. Of course, in this definition we 



{my 



only take these scalars for which 

of /. With messengers residing in 5 
and triplet components), the effective messenger numbers obey 5/iVeff,i 



2 ^ 0; the definition is independent of the specific choice 
5 pairs (with possibly different interactions of the doublet 



3/iV effj2 + 2/N, 



cff,3- 



2 Of course, the messenger masses can be split; corrections to (|23p arising from messenger mass hierarchies 
are briefly discussed in Appendix C. 
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A|X|/m 2 

°- 4 [ Tr(Y mess )A D 2 /(F/m 2 ) 2 

25r 




Figure 3: The location X of the super •symmetry breaking minimum and the parameter 
Tr[Y mess Ar)] describing the one-loop contributions to scalar masses as functions of the ratio 
of the mass parameters in the doublet and triplet sectors, m 2 and m 3 , for the model defined in 
W 



It has long been known that breaking the SU(5) symmetry generically leads to one-loop 
D-term contributions to the masses of scalars, proportional to their hypercharge and thus 
not positive definite (sf , unless the messenger sector obeys so-called messenger parity H. The 



absence of one-loop contributions to scalar masses is thus a nontrivial constraint on the models. 
We illustrate this by studying this issue in the simplest version of the model put forward in an 



early version of 3JJ , which employs three pairs of 5 + 5 fields whose interactions are described 



by the following superpotential: 

W = FX + AX(0x0! + 2 2 ) + + + Sm A ^ 2 (p3 , (26) 

where m 2 and Srn 2 (m 3 and Sm 3 ) are the mass parameters for the doublets (triplets) residing in 
5 + 5. Following (3j|, we take A' = A/10, 5m 2 = m 2 /10 and 5m 3 = 0. We then solve numerically 
for the minimum of the effective potential and we calculate the one-loop contributions to the 



scalar masses, which in the leading order in F is given by [55 



(mpi-ioop = ^Y f Tr[Y mcss (A D ) 2 } . (27) 

In this formula, the trace runs over all the Standard Model states forming the messenger 
multiplet and the parameter (A^) 2 for the states in the SM representation R (SU(2) doublets 
and SU (3) triplets) is given by: 



i |ff>p-|j;fp ((Mf'^' 



M= i V,^ (28) 



hJ 
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Figure 4: The location X of the super 'symmetry breaking minimum and the effective number of 
messengers in the doublet and triplet sectors, N e g j2 and N e g j3 , as functions of the ratio of the 
mass parameters in the doublet and triplet sectors, m 2 and m 3 , for the models considered in 
Section with N = 4 (solid lines) and N = 6 (dashed lines). 



where (Ai\ ) 2 are the eigenvalues of Ai^M. for different representations R and are the 
supersymmetry breaking masses of the fields fa and fa in the scalar potential written in the 
basis in which the supersymmetric mass matrix M. is diagonal. The scalar potential for the 
components of the messenger fields in representation R of the SM gauge group then reads V = 
EiiM^n^*^ +~^r^ t) ) +Ei d (F^ ) ^ ) 4 R } +h.c)- The function g is given by g(x) = 
2/(1 — x) + (1 + x)/(l — a;) 2 hire. In Figure [31 we show, as a function of A/m 3 /m 2 , the results 
for \\X\/rri2 at the minimum and for Tr[y mess (A£)) 2 ] normalized to (F jm-i) 2 which represents a 
typical mass scale (squared) in usual expressions for gauge mediation. From this we can estimate 
that the ratio of the two-loop contributions to one-loop ones is ~ (l/(47r))(a 2 ai)(l/10) which is 
an unavoidably small number. Since these one-loop contributions are dominant but not positive 
definite for right-handed sleptons, their presence is phenomenologically unacceptable. 



4.1 Models with 1 « iV cffj2 < 7V cffj3 

In this and the following section, we shall construct models with the messenger and/or the 
O'Raifeartaigh sectors breaking the unified SU(5). We assume that it is more natural for the 
mass parameters than for the dimensionless couplings to break the unified gauge symmetry, 
as the former can arise from the vevs of the Standard Model singlets in nontrivial SU{5) 
representations. A well known example of this idea is found in various realization of the 
doublet-triplet splitting in the electroweak higgs sector of the unified theories, which amounts 
to giving large masses to the triplets which potentially mediate proton decay while leaving the 
electroweak higgs doublets massless at this stage. 

The simple model of Example (v) in Appendix B is equipped with messenger parity for 
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Ai = A2, but allows for different mass parameters for the doublet and triplet components of the 
messenger multiplets. However, we find that with N = 2 pairs of messengers, as well as in the 
obvious N = 3 generalization of this model, the difference between X effj2 and X effi3 is negligible 
for ratios of the mass parameters for doublets and triplets ranging from 1/30 to 30, so the 
doublet-triplet splitting in the messenger sector is not transmitted to the visible sector. Hence 
the simplest model employs N = 4 pairs of messengers with the mass matrices for doublets and 
triplets are, respectively, 



( XX m 2 \ 

AX m 2 

AX m 2 

\ AX J 



I AX m 2 \ 

AX m 3 

AX m 2 

\ AX J 



(29) 



The value of X at the minimum of the effective potential and the effective messenger numbers 
are shown in Figure HI The values of the effective messenger numbers can be understood 
in the following way. For m 3 <C m 2 , the mass matrix of the triplets is effectively split into 
two 2x2 matrices studied in Example (v), while the mass matrix of the doublets remains 
irreducible. As found in 3l|, the mass matrix of the form of Ai^ (Ai^ with 7713 — > 0) provides 
a supersymmetry breaking metastable minimum at A|X|/m 2 = 0.45 (0.25), and our numerical 
result interpolates between these two values. It also follows from [3l| that for A|X|/m 2 < 1 the 
effective messenger number is approximately equal to the number of irreducible sectors of the 
mass matrix; hence for m 3 <C m 2 we have X e fj 2 ~ 1 and X e fj 3 ~ 2, whereas for m 3 ~ m 2 we 
obtain N eS>2 « N cS , 3 ~ 1. 

By increasing the number of messengers to N = 6, we can engineer a larger splitting between 
X e fj i2 and X e ff i3 . Indeed, with the mass matrices: 



/ AX 


m 2 



















XX 





















XX 


m 2 



















AX 





















XX 


m 2 




V 














XX 


J 



we find solutions with N e s t2 ~ 1 and X e fj >3 ~ 3; the results are also shown in Figure HI 



4.2 Models with iV cff; 2 < N cSy3 w 1 

The model described in Example (iii) in Appendix B with p — 1 is invariant under the messenger 
parity acting as: 

01,2,3 -> 03,2,1 > 01,2,3 -» 03,2,1 • ( 30 ) 

We can therefore safely assume that the fields 0« and <pj belong to nontrivial representations 
of the Standard Model gauge groups and they can act as messengers of the supersymmetry 
breaking without obeying the unified SU(5) symmetry. Recall that we still need messenger 
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Figure 5: The location X of the supersymmetry breaking minimum and the effective number 
of messengers in the doublet and triplet sectors, N e s t 2 and N e g t 3, as functions of the ratio of 
the couplings in the doublet and triplet sectors, X2 and X3, for the models considered in Section 
4-2\ Solid and dashed lines correspond to models described by the interactions l[3l\) and [3^) , 



respectively. 



fields which become massless in the limit X — > in order to generate the gaugino masses at 
one loop. Hence the simplest model built along these lines employs the following mass matrices 
for doublets and triplets: 



( X'X 



V 





m' 







AX 

1TL2 XX 

m'o 



\ 



J 



( X'X 



V 





m' 3 XX 

m 3 











AX 



/ 



(31) 



To ensure the gauge coupling unification, we assume that the determinants of Ai^ and Ai^ 
are equal, which implies (m' 2 ) 2 m2 = (m' 3 ) 2 m 3 . Interactions of the form (1311) stabilize X at 
a nonzero minimum for sufficiently large hierarchies of the mass parameters [39| and we take 
777,2 = 10m' 2 . Since the overall mass scale can be factored out in fl3T|) . we are then left with only 
one mass ratio 7773/7772 on which the properties of the model depend. We take A' = A/ 1000 to 
allow for a separation between the value of (X) and the mass of the lightest messenger (though 
the results for X eff r would not change if A' = 1/10). In Figure El we plot the position of the 
minimum as well as the effective numbers of the messengers N e g t 2 and N e g j3 in this model. We 
see that the asymptotic values of the messenger numbers are 0.24 and 1. We also see that 
N e tt,2 does not reach its asymptotic value for A|X|/m2 — > 00 (calculated in 3l| and shown in 
Figure [H] in Appendix C) since the position of the minimum corresponds to A|X|/m2 ~ 1/3. 
By increasing the number of messengers, with explicit mass parameters, we can further change 
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the ratio of N e s t3 /N e s^- For example, adding another messenger pair so that the messenger 
interactions are now given by: 



/ A'X 














\ 







AX 
















^2,3 


AX 


















AX 















™2,3 


/ 



again with det.M'- 2 ) = det.M'- 3 ) and mi = 10m' 2 , leads to results shown in Figure [5] with 
asymptotic values of the effective messenger numbers equal 0.15 and 1. By increasing the 
number of messengers with masses proportional to (X), we can increase all X e ff jr , e.g. adding 
one pair of such messengers to the model defined by (1521) gives X eff 2 ~ 0.7 and X efTi3 « 2. 

All models have a stable supersymmetric vacuum. Phenomenologically consistent models 
with broken SU(5) symmetry can be constructed, with different effective doublet and triplet 
messenger numbers. With sufficiently large mass or coupling hierarchies between the doublet 
and triplet sectors, these effective messenger numbers depend only on the .R-charges of the 
messenger fields, rather than on their masses and couplings. Embedding these models in su- 
pergravity still brings about an upper bound on X discussed in Section 13. 1\ though due to a 
large number of fields over which the trace runs in the effective Kahler potential ([3]), one-loop 
corrections compete more efficiently with the supergravity corrections. For example, in the 
model given by fl32|) we obtain X < 10 _2 Mp. 



5 Physical implications 

Gravity coupled to the messenger sector via ORT supersymmetry breaking sector raises the 
question about the role of gravity mediation versus gauge mediation of supersymmetry breaking 
in generating the soft supersymmetry breaking mass terms in the MSSM. The gravity mediation 
contribution to the scalar masses is of the order of the gravitino mass 1713/2 = Fx /(VSMp), 
where Fx = F. The gauge mediated contribution to the soft scalar and gaugino masses are 
(up to the (effective) messenger number and 0(1) coefficients) given by the scale: 

Oi A mGSS -fx fQQ\ 

m gaugino — ~T~~ \1 ' \ ' 

All M mess 

where .M me ss is the average mass of those messengers which give significant contributions to 
gaugino masses, the effective messenger coupling A mess is defined as M. mcss / (X), A mcss Fx is 
the mass squared splitting in the messenger supermultiplets and a is an appropriate coupling 
constant. With the simplest possible messenger sector consisting of one pair of fields in the 
5 + 5 representations of the unified gauge symmetry group SU(5), we identify A mess = A, but 
we would like to keep our discussion general enough to include all the situations discussed in 
the previous Sections, in particular, models with large mass splittings within the messenger 
sector. For example, in models discussed in Section [O] A mess can be identified with A', ranging 
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from 10 -3 to 10 _1 , even when all other universal couplings A. are close to 1. The main result 
of Section [37T1 is that in the simple ORT models coupled to gravity there exists an upper bound 
on the value of X of order of 10~ 3 Mp in the metastable supersymmetry breaking minimum. 
An immediate conclusion is then that in metastable vacua 



m 3 / 2 



augino 



4tt (X) 



< Oder 



(34) 



where in the last step we used conservative values of a = 0.04 and (X) = 10~ 3 Mp. Given the 
conservative nature of these numbers, we infer that in gauge mediation models with ORT sector 
responsible for F-term supersymmetry breaking coupled to gravity, in metastable vacua gravity 
mediation contribution to squark mass squared is naturally suppressed to at least 0(1%) level, 
almost sufficient for avoiding FCNC problem in the squark sector 14| . The tunneling rate from 
the metastable vacuum at X <C Mp towards the tree-level Polonyi vacuum at X ~ Mp is very 
small, and, in the order-of-magnitude approximation, see 56j, is given by 



1 

Td 



0.1(m/Mp) 4 M P e 



-30- 



(35) 



where m is the average mass in the O'Raifeartaigh sector. This corresponds to a lifetime Tp> 
much longer than the age of the Universe. 

From eq. fl34l) we conclude that for m gaU gi no ~ 100(1000)GeV) the gravitino mass m 3 / 2 < 
O(10, 100 GeV). (Similar values for the gravitino mass have been discussed in 13|, [l4|; here we 
show that this is a generic upper bound for gravitino mass in gauge mediation models coupled 
to gravity.) 

The Giudice-Masiero mechanism of generating the /z-term in the effective low-energy super- 
potential relies on the presence in the high-energy Kahler potential of an interaction term of 
the form 

1 xt 



5K 



2M, 



-H u H d + h.c. 



With the help of the well known formulae, see 57J, one obtains this way 



m 3/2 



xt 



?x 



M P M P 



m 3/2 



xt 



Mr 



-V3 



where the cancellation of the cosmological constant is assumed, and 



B = ±m 



3/2 



(36) 



(37) 



(3? 



Hence, if one chooses the gravitino mass to be of the order of 100 GeV, one finds /i and B of this 
order of magnitude, which, as we shall see somewhat later, may be consistent with radiative 
breaking of the electroweak symmetry. 

We now proceed to a more detailed discussion of the simple but viable ORT models with and 
without the doublet-triplet splitting violating the SU(5) mass relations, studied in Section [2] 
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B 


C 


D 


E 


F 


G 


N eS , 2 


1 


4 


7 


1 


1 


0.24 


0.15 


N eS , 3 


1 


4 


7 


2 


3 


1 


1 



Table 1: Parametrization of some interesting spectra of conventional models of gauge mediation 
(N e s t 2 = -/Veff^J and of models described in Sections \4-l\ and \4-2\ 




Figure 6: The relation ( fffPj) between *M m0S s an d m 3 / 2 for different values of A mess and for 
F d x In det M = 140 TeV. 

and|H We shall be specially interested in phenomenology of the models with heavy messengers, 
i.e. with the values of X close to their upper bound. 

In Table [T] we collect a sample of models discussed in the previous sections; these models 
are characterized by the effective number of messengers. Cases A-C correspond to the usual 
models of gauge mediation with equal number of messengers in the doublet and triplet sectors, 
cases D and E are described in Section 14.11 and cases F and G in Section 14.21 

With fixed A^ e fr,2 and N e s^, the effective continuous parameters of these models of gauge 
mediation can be chosen, e.g., as the messenger mass scale .M m ess and the gaugino (say, gluino) 
initial mass. We impose the boundary conditions for the soft masses (1221) and (1231) at the scale 
-Mmess- The two parameters are related to the gravitino mass by (1341) or, more explicitly: 

^ All .A/tmess ^-gaugino (39) 

muss 

In the following, we take _F<9xhidet M. = 140 TeV in ( J22|) . which approximately corresponds 
to the gluino mass of 1 TeV at the electroweak scale, and vary the messenger mass between 
Ai mcss = 2 • 10 5 GeV and -M mcss = 2 • 10 15 GeV. The lower limit comes from the requirement 
that F/rh 2 < 1, for which the effective Kahler potential technique applies, the upper limit 
follows from our results in Section 13.11 For these values of the parameters, we plot in Figure E] 
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Figure 7: Values of /i (solid gray lines) and B (dashed black) in GeV as functions of the 
effective numbers of messengers AT G g )2 and N e g t 3 for two messenger scales -M me ss = 2 • 10 5 GeV 
(left panel) and .Mmess = 2 • 10 15 GeV (right panel). Black regions correspond to the absence 
of electroweak symmetry breaking. Points corresponding to spectra A-G defined in Table[l\ are 
denoted by appropriate letters. 



v mess- 



777.3/2 as a function of .Mmess for different values of A r 

The requirement of proper electroweak symmetry breaking fixes the MSSM parameters \i 
and B in terms of the initial values of soft masses. In Figure [TJ we show the predictions for fi 
(solid gray lines, values in GeV) and for B (dashed black lines, values in GeV) as function of 
iV effi 2 and N e ff t2 for the two extremal values of the messenger masses, A4 mess = 2 ■ 10 5 GeV (left) 
and .M m ess = 2 • 10 15 GeV (right). These values of fi and B are given at the scale .M m ess- The 
values of N e ff for the seven cases listed in Table 1 are denoted by the corresponding letters. 
We chose tan/5 = 10, different choices of this parameter do not affect /i much, while B is 
very sensitive to the value of tan/3 (this dependence is quantitatively discussed in Appendix 
D). The results shown in Figure [7J are obtained from numerical calculation based on 1(2)- 
loop RG equations for the dimension(less) parameters of the MSSM (with the exception of the 
Y = +1/2 higgs mass parameter, for which the 2-loop RGE was used). As we show in Appendix 
D, they can be understood quite easily, e.g., with help of the analytical solutions to the RGE 



for nonuniversal soft masses given in 58( . We note from Figure [TJ that for the same values 
of N e g t2 and N eS;3 the ratio \ijB increases with the messenger mass M. mess . Furthermore, for 
N e ff,2 ~ -/Ve ff) 3 and for N^ )2 > N eSj3 , (jl/B > 1 whereas for jV eff)2 < N eS>3 we have (jl/B w 1. 
This is interesting in case of heavy messengers (right panel in Figure [7]). As we discuss in some 
detail in Appendix D, there exist then solutions with \x ~ B ~ m 3 /2 ~ 0(100) GeV, opening 
the possibility of generating \i and B by the Giudice-Masiero mechanism. 

Our results for the supersymmetric spectra are shown in Figures [51TTU1 There we show the 
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Figure 8: Masses of the three lightest neutralinos, the lightest chargino, the lightest left- and 
right-handed sleptons, the two lightest stops and the gluino as functions of the messenger scale 
for spectra A-C defined in TableUl 




Figure 9: Masses of the three lightest neutralinos, the lightest chargino, the lightest left- and 
right-handed sleptons, the two lightest stops and the gluino as functions of the messenger scale 
for spectra D and E defined in Tabled 
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Figure 10: Masses of the three lightest neutralinos, the lightest chargino, the lightest left- and 
right-handed sleptons, the two lightest stops and the gluino as functions of the messenger scale 
for spectra F and G defined in Tabled 

masses of the three lightest neutralinos, the lightest chargino, the lightest left- and right-handed 
sleptons, the two lightest stops and the gluino. The dependence on the messenger masses is 
rather weak, except for cases F and G where a portion of the assumed messenger mass range 
does not lead to a correct electroweak symmetry breaking, as seen by comparing the two 
panels of Figure [7J Generically, the NLSP is always bino-like neutralino. There are, however, 
two interesting exceptions. One is the stau as NLSP for large number of messengers (with 
N e ff,2 — -We//^)- This effect is present also for models with heavy messengers, with gravitino 
mass even up to 100 GeV. The second exception is for models with N e ff )2 <C N e ff >3 where the 
lightest neutralino becomes higgsino-like if the scale -M meS s is such that various contributions 
to the mass of the Y = +1/2 higgs approximately cancel. This regime with small /i and a 
large higgsino admixture in the lightest neutralino corresponds, in Figure [TDJ to the situation 
in which the lines denoting the neutralino masses exhibit level crossing. As we show in Section 
14.21 and in Appendix C, A mess can be as small as 10 -3 (or even smaller). Thus, for gravitino 
masses in the range 10-100 GeV the higgsino-like neutralino as NLSP is also an open possibility. 

6 Summary and conclusions 

We have investigated O'Raifeartaigh-type models for F-term supersymmetry breaking in gauge 
mediation scenarios in the presence of gravity. In Section [2] the vacuum structure of a broad 
class of models has been studied in the global supersymmetry limit. Gravity effects have been 
discussed in Section [3j The gravity sector may include properly stabilized moduli. In Section @J 
we have discussed models with broken SU(5) symmetry in the messenger sector but equipped 
with messenger parity (and the disastrous consquences of the lack thereof). 
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The main conclusion is that, after coupling to gravity, the vacuum structure of those models 
is such that in metastable vacua gauge mediation is always dominant and gravity mediation 
contribution to scalar masses is suppressed to the level below 1 percent, almost sufficient for 
avoiding FCNC problem. Close to that limit, gravitino mass can be in the range 10-100 GeV, 
opening several interesting possibilities for gauge mediation models, which are briefly discussed 
in Section 5. One is that in models with broken SU (5) symmetry, the values of \i and B fixed by 
requiring the electroweak symmetry breaking include the region (j, B pa m 3 / 2 ~ 0(100) GeV, 
thus allowing for Giudice-Masiero mechanism for fi and B/i generation. We also show sparticle 
spectrum as a function of the gravitino mass. The NLSP is generically bino-like neutralino but 
exceptionally can be stau or higgsino. 

Acknowledgments 

This work was partially supported by the EC 6th Framework Programme MRTN-CT-2006- 
035863, by the EC 6th Framework Programme MRTN-CT-2004-503369, by the grant MNiSW 
N202 176 31/3844 and by TOK Project MTKD-CT-2005-029466. KT is supported by the 
US Department of Energy. ZL and KT thank APC Paris for hospitality. KT is indebted to 
D. Morrissey and A. Pierce for discussions. 

Appendix A 

Here we outline the perturbative procedure of calculating the eigenvalues of M^Ai. In the limit 
\X\ — > 0, the eigenvalues are /i^ = m\ and the corresponding eigenvectors are = 5^. At 
the n-th level of the expansion in X, we find the coefficients of the \X\ n contribution to the 
eigenvalues jJ^ and the eigenvectors n vf^ from the perturbed secular equation: 



assuming /z„ ' — n v > ' = for n < 0. The coefficients /A ' can be equivalently defined as: 





(40) 




(41) 
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where Ml are the eigenvalues of (M ns YM ns , introduced in Section 2. The first functions f 2 e 
are given by: 



1 N ' 

h = ^Ef^m^ + ^J (42) 
h - ->.(, (13) 




/« = ->:krin^+m 2 ^^-^^) (44) 



Using this procedure, we can express the coefficients ji^ and in terms of the original 
parameters of the model, the relevant general formulae are, however, rather lengthy. They 
significantly simplify under assumption that R{(f>\) > R(<fii) > . . . > R(4>n) and R{(f>\) < 
i?(0 2 ) < . . . < R(<Pn), i.e. the fields have different R charges, since the matrix of the couplings 
has then only a few nonzero entries, \j = \qie llpi 5i + ij. We then obtain: 



n {k) n 2 a 2 r? n 2 

P2 _ Pklk-X . PkQk 



™ 2 pI - pI-i pI - pI+i 

/4 ^ _ PkPk-l ( ik-l < ik-2 PkPk+llklk+l 



(45) 



+ 



™ 2 (pI - pI-i) 2 (pI - pl-2) ' (pI - pI+i) 2 (pI - ph 

' Pk-lPk+l -1 PkPk-lQk-1 PkPk+lQk 



(46) 



(pI - pU) 2 (pI - pUi) 2 (pI - pLi) 3 (pI - pU? 

Ph \ PfcPfc-lPfc-2?fc-l?i-2?fc-3 . PfcPfc-l?fc-l?fc-2 . 

™ 2 (pI - pU)\p\ - pU)\p\ - pU) + (pI - pUT(pI - pUY + 

PfcPl-i(-2Pfc + 2pLipj + i + pIpI-2 - p 2 kpl-i)qt-iq 2 k-2 pIpI-ApI + pjjgf-i 
{p\~ pU)\p\~ pU) 2 (p^-pLi) 5 

PkPl-i(ZPk + Pjpj-gPj+i + Pj-iPj-gPj+i ~ PVA-i + gpj-2 + 2p 2 k+ i))<lkql-iql-2 

(Pk ~ Pl-l) 3 (p 2 k ~ Pl-2) 2 (PI - Pfe+l) 

pUpI + 2 pEp1-i - gpjpj-ip|+i + 2p|p|-ip|+i + pLA+iH-iql 
{p 2 k-p 2 k-i)\p 2 k-pUf 

PkiPk + 2p|pj+i - 6pj^j-iPf+i + Zplpj-iPl+i + pt-ipi+i)ql-iqt _ 

(pl-PLl) 3 (pl-pl+l) 4 

pIpI+i^pI + pjpj-iPfc+2 + ptiPfc+iPfc+2 - pt(pj+i + gpf-i + ^p 2 k + 2))q 2 k+iqtql-i | 

(/^ - P 2 k-l) 2 (pl - P 2 k+lf{p 2 k ~ Pl+2) 
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PkPk+ 



' >2 



(Pk - Pfc+i) 3 (Pfc - Pfc+: 



plp 2 k+i(- cl Pi + 2 Pl+ipl+2 + pIpI+2 

2 2 



fe+2 1 rkrit+2 ' PkPk+1 )ml- 

■ pI + i) 4 (pI - pU) 2 

PkPk+lPk+2 ( lk ( lk+l ( lk+2 |_ PkPk+l(Pk + Pfc+l)fffc 

(Pfc - pI+i) 2 (pI - pI+ 3 ) 2 (pI - Pfc +3 ) (Pfc - Pfc+i) 5 



+ 



(47) 



Appendix B 



Here we present the results for the functions and f$ calculated in some simple Type I models. 

(i) With only N = 2 pair of fields 0j and (pi there is only one coupling and one mass ratio p. 
One immediately obtains f 4 = (1 + p 2 )/(2(p 2 - l) 2 ) - p 2 (lnp 2 )/(p 2 - l) 3 > 0. 

(ii) Let us consider equally spaced masses squared, p| = 1 + k5. In the limit 5 — » we obtain 



/ 4 = (l/l2) gt + ^ + Eti 1 ^-^! 



> 0. 



(iii) We assume 3 pairs of fields <pi and <pi with the most general mass and coupling structure, 
Pi = 1, p 2 = p, P3 = p, g! = 1 and q 2 = q, generalizing the model considered in 39]. We 



obtain 



1 + p 2 



+ 



p 2 q 



(p 2 + P 2 )q 2 



2(p 2 -l) 2 (p 2 - l)(p 2 -p 2 ) 2(p 2 -p 2 ) 2 



+ 



p 2 p 2 q 



+ 



p 2 p 2 q 2 



(p 2 - l)(p 2 - p 2 ) 2 (p 2 -p 2 ) 3 . 

p 2 p 2 (p 4 -p 2 )q 



In p 



~2 



p 2 p 2 q 2 



hip 2 



_(p 2 -l) 3 (p 2 -l) 2 (p 2 -p 2 ) 2 (p 2 -p 2 ) 3 . 
The sign of the expression (j48p is shown in Figure [11] as a function of p and p. 



(4J 



(iv) We assume iV pairs of fields fa and fa. We randomize their relative couplings q^ in 
the range [l,g max ] with a constant probability density for lng^. We randomize pu with 
a constant probability density for lnpfc, rescaling the results so that the ratio between 
the smallest and the largest pu is exactly p max . We repeat this procedure 100 times to 
estimate the probability of the event of interest (either / 4 < and f e > or / 4 < and 
/ 6 < 0). We perform this calculation 20 times to assess the variance of this prediction. 
Results showing the dependence P(f± < 0and/ 6 > 0) and P(fi < 0and/ 6 < 0) on p max 
for = 4, 20 are shown in Figure [12] as light gray (black) dots for g max = 1 (10). We can 
conclude, in concordance with Example (iii), that a supersymmetry breaking minimum 
with 1^0 exists in a significant fraction of the parameter space, given that the mass 
hierarchies are sufficiently large. This fraction is generically larger for degenerate than 
nondegenerate couplings. 

Below we also discuss some examples of models in which the messenger sector can affect the 
position of the supersymmetry breaking minimum. 
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Figure 11: For the model discusses in Example (Hi), we plot the sign of the coefficient / 4j given 



in (48), and the coefficient fe as functions of the mass ratios p and p for three values of the 
model parameter q. The black (white) region corresponds to fe < (f§ > 0). Regions to the 
left (right) of the gray line correspond to / 4 > (f'4 <0). 

(v) In the absence of the O'Raifeartaigh sector and for N = 2, M. s is given by 

M > = ( Y £ ) m 

and we can find the analytic form of eigenvalues of Ai s * Ai s and numerically solve for a 
minimum of the effective potential. In Figure [T3h we plot the value of \J Ai Xy. X/ m at the 



minimum as a function of a/ X1/X2 (and the results agree with those from 31J for this 
parameter equal to 1). 

(vi) For N > 2, the eigenvalues of J\4 s ^Ai s have to be computed numerically and / 4 , f are 
functions of three or more parameters. We may therefore employ the expansion to look 
for a supersymmetry breaking minimum even for / 4 > 0, taking / 4 / f as a free parameter 
and neglecting the higher order terms. The results for of \\X\/fh at the minimum are 
shown in Figure [T3b . Of course, for large values of the expansion parameter X\X\/rh 
higher order corrections can become important and one should treat these results only as 
qualitative estimates. 

Appendix C 

Here we discuss corrections to the expression (|25l) for iV e fj r originating from messenger mass 
splittings. 



In the Giudice-Rattazzi formalism [53|, the soft masses of the scalars are extracted from the 
relation 

m 2 (n) = -\F\ 2 dxd x In Z f (p, X, X f ) (50) 
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Figure 12: Results of the numerical procedure employed in Example (iv). The plots show P{f& < 
andfg > 0) and P(f± < andf e < 0) for different values of p max for N = 4 and N = 20. 
Light gray (black) dots correspond to maximal ratio of couplings in the 'Raifeartaigh sector 
equal to q max = 1 (10). 
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Figure 13: (a) The location for the supersymmetry breaking minimum calculated in the absence 
of supergravity corrections in Example (v); (b) the location for the supersymmetry breaking 
minimum calculated in the absence of supergravity corrections in Example (vi) for a truncated 
correction to the Kahler potential. 



where Zj is the sfermion wave function renormalization constant satisfying: 

r=l 

where r = (l/(167r 2 )) ln(/i/A uv ). Let us restrict the discussion to a single gauge group (drop- 
ping the index r from now on), as the contributions from different gauge groups to hiZ^ add 
up. Equation ( IBTT) can be rewritten using the RGE for the gauge coupling: 



dlnzTf 2^-dln^" 



dr P g dr 



(52) 



where (3 g is the MSSM beta function of the gauge coupling. Taking into account multiple 
messenger thresholds, we arrive at the result: 



^ 1 



lnZ^X, Jft) _ InZ/Auv) = -2C> JJ -5—^ {in [g^M,)] - In [g-*(M J+ i)] } , (53) 

j=0 Pg + 

where S is the Dynkin index of the messenger representation (5=1 for a N + N pair of 
SU(N)) and A4o and M.fj + i stand for /1 and Auv, respectively. Eq. ( l53|) is rather complicated 
for practical applications. One can try to simplify the analysis by combining contributions 
to sfermion masses originating at each messenger threshold // = Aij. Choosing /1 and Auv 
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Figure 14: Values of N e g calculated in the SU (5) -symmetric version of the model given in 
eq. (3l\) in Section \4-2\ The black solid line correspond to employing the full Giudice-Rattazzi 
method as described in Appendix C; the gray dashed line correspond to the simplified result 
following from K2c 



infinitesimally close to the threshold, one can rewrite the first line of ( l53i) as: 



hiZ } {n,X,X^) -lnZ f (A 



iuv; 



-2C 



f 



In 



iA \g- 2 (Mj. 

Expanding this expression in ln((.Mj) 2 /A^y), we find: 

In Z f (fi, X, Xt) - In 2>(A UV ) = C f S (in 



+ 



(54) 




A 2 



(55) 



Summing all such results for j — 1, . . . , N and substituting to ( J50l) . we obtain the result (|23l . 

In this derivation, we eventually ignored the higher powers of the logarithm, which is legit- 
imate, as, after differentiation with respect to X and X\ we can set Auv to the scale of the 
messenger threshold. One can, however, worry that in models with large splittings between 
the messenger masses, ignoring the running of the sfermion masses and gauge couplings be- 
tween the messenger thresholds (which the full formula (1531) takes into account up to top quark 
Yukawa corrections) can reduce the accuracy of the result (J23"]) . In order to address this issue 
quantitatively, we studied the model presented in eq. f[3"2j) in Section I4T21 with m 3 /m 2 = 9. For 
simplicity we took the triplet sector in which the mass splittings are the largest and, without 
stabilizing X at the minimum of the potential, we calculated AT e fT,3 using the full Giudice- 
Rattazzi result (153]) and the simplified method following from ( !23|) . Since the gauge coupling 
had to be specified in the former approach, we took g 2 = 2/3 and f} g = —3. A comparison 
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of the two calculations is presented in Figure [TH We see that even with the messenger mass 
hierarchy larger than 10 3 in this model, the simplified result does not deviate from the more 
accurate one. A similar calculation with an even larger mass ratio m^jm^ = 100 revealed only 
small discrepancies of the order of 10% between the two approaches. We therefore conclude 
that for practical purposes we can safely neglect the threshold corrections to fl2"3"l) coming from 
split messenger masses. 



Appendix D 

Here we employ the analytical formulae for the solutions of the 1-loop RGE for the MSSM 
derived in 58] to discuss the radiative breaking of the electroweak symmetry and the predictions 
for fi and B for different choices of the effective messenger numbers N e $ jT . 

The following equations describe the minimization conditions of the higgs sector of the 
scalar potential of the MSSM: 

~ -m 2 H2 (r) (56) 
B{r)fi tan (3 ~ m 2 Hl (r) - m^ 2 (r) (57) 

The running mass parameters are presented as functions of r = -p^p- In ^ /low ■ Here we neglected 
the running of /i, terms proportional to M§ and 1/ tan 2 (3. We also assumed that the scale Mi ow 
at which ( l56l) and ( IBTl) are evaluated is chosen so that the threshold y^-proportional corrections 
to the masses and couplings relevant for EWSB vanish, i.e. M\ ow is the geometric mean of the 
stop masses. 

The parameters ^# 2 (t), rn 2 Hi (T) and B(t) can be expressed in terms of the input values 
m^ 2 (0), m 2 Hl (0) and -B(O) at the scale Af mC s S : 



m H 2 { T ) 



(l - |) m| 2 (0) - | (m|(0) + m» (0)) + (p H , + V -{-f, + y£ 2 )) M 2 l/2 + 



22 V^f(0) 

m 2 Hl (r) = m 2 Hl (0) + VH2 M 2 /2 - 1 - lj (m^ 2 (0) - m 2 Hi (0)) 



(59) 



B(t) = S(0)+(-C b + ||)m 1/2 . (60) 

Here, y = y 2 /(yf F ) 2 , where y t is the running top Yukawa coupling and yj p is its quasi-fixed 
point value. M1/2 is the gluino mass at A^mess- The coefficients £b, T]h 2 , £, and fj in (|58|) - (|60|) 
depend on the gauge couplings, gaugino mass ratios and some group-theoretical factors; they are 



defined in [58(. In Table [21 we present their values for two choices of -M mess = 2 • 10 15 GeV and 
Almoss = 2 • 10 5 GeV, discussed in Section 5. Since their values of these coefficients depend on 
threshold corrections to the gauge couplings (mainly to the strong coupling, a s = a s / (1 — Aa s )) 
and the value of M\ ow at which we stop the RG evolution to study the electroweak symmetry 
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i 
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fj 


= 8.89 


7.33 
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0.974 
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Table 2: Coefficients entering the solutions / f55]) -/ fg0j) of the RG equations. 



breaking and to calculate the mass spectra of the supersymmetric particles, we show the results 
for a s = 0.118 and for different values of Aa s and M low . 

Now we would like to use the solutions (15B1 - (16171) to determine which classes of the initial 
conditions at the scale -M mC ss correspond to successful breaking of the electroweak symmetry 
with small /1 and B(0). To this end, we define Ef = [i 2 /My 2 and rewrite (1561) as 



-H 2 - - 



iVeff.2 L 

1 



2 K 



y) 



flf(0) 



9 

'50 



N, 



eff,3 



3 _13 
'3 V+ { 25 ~ 75 V 



+ 



(61) 



where Eh 2 = —T)h 2 + %{v ~ yi 2 )- This equation simplifies considerably if A4 meS s is close to the 
unification scale, since we can assume that the gauge couplings are approximately equal: 



7 -H a - 2' 



N. 



cS,2 



42 101 
25 ~ ~50 y ) + 



1 



N, 



eflf,3 



8 19 

"3 + 50 V 



(62) 



The left-hand side of this equation is positive and of the order of a few. The coefficient of 1/N e s,2 
is small and positive, while the coefficient of l/iVeff,3 is negative and of the order of unity. Thus, 
we can conclude that solutions with small /i <C M1/2, which correspond to < H' < 1, 
will require a small A^ e ff,2 *C N e s t z. Eq. (|6T|) also simplifies for .Mmess much smaller than the 
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unification scale, when we can neglect the terms proportional to gf(0) and take 1 — y ~ 1. We 
then obtain 

- _^3^|(0) 1_8 

^ " iV eff)2 2^(0) iV effi3 3 y - 

Taking .M mcss = 2 x 10 5 as a particular example, we see that approximately vanishes, so 
the two terms on the right-hand side must cancel out: 



16yg|(0) 
9 &3 4 (0) 



^cfr,3 - N cSt2 — — 77-7 (64) 



The numerical coefficient is ~ 3 ~ 10 a4 , so this equation is a reasonable approximation of the 
results in Figure 

We see that in both examples discussed above, one can obtain solutions with small /i, given 
that there is an appropriate hierarchy iV c fj i2 *C N e g t s. Due to this requirement, there are not 
any solutions corresponding to iV e fj )2 = N c g^ 3 which is the outcome of conventional models with 
gauge mediated supersymmetry breaking. 

Having found the conditions for the existence of the solutions with small fi, we would like 
to know if some of these solutions correspond to small I?*- -* = ±ju/v3, as in ( 1371) and (1381) . In 
order to determine it, we can rewrite (1571) as: 

±-^~'+~ B J H'tan/3~ u, (65) 



where 



V3 

1 /3^|(0) , 9 ^(0)\ 1 3 gf(0) 



iV effi2 \2gl(0) 50^(0)7 iV effj3 25^(0) 



+ Vh 2 (66) 



and Eb = — £b + 2/£/2. The solutions with small /x correspond to iV e ff j2 "C N c s^ 3 , so we can 
write v « j/N^2 + tyff 2 ~ with the coefficient 7 changing from 3/2 to 27/25 for .Mmess 
inreasing from 2 ■ 10 5 GeV to 2 • 10 15 GeV. Equation fl65l) has a solution with < S' <C 1, if 
vj tan/5 is a sufficiently small number; this can be obtained by choosing an appropriate value 
of tan p, unless iV e fj j2 is very small. 

To summarize, we can obtain solutions with small B = |/i|/\/3 <C Ml/ 2 for both low and 
high scale of the gauge mediated symmetry breaking, given that appropriate hierarchy between 
iVefT,2 and iVefr,3 ^> iV c fj )2 is arranged for and that iVeff,2 is not too small. These solutions 
require doublet-triplet splitting in the messenger sector; a much stronger splitting is necessary 
for solutions with a high scale -M meS s for which the Giudice-Masiero mechanism can be made 
work. 

References 

[1] M. Dine, W. Fischler and M. Srednicki, "Supersymmetric Technicolor," Nucl. Phys. B 189 
(1981) 575. 



34 



[2] S. Dimopoulos and S. Raby, "Supercolor," Nucl. Phys. B 192 (1981) 353. 

[3] M. Dine and W. Fischler, "A Phenomenological Model Of Particle Physics Based On 
Supersymmetry," Phys. Lett. B 110 (1982) 227. 

[4] L. Alvarez-Gaume, M. Claudson and M. B. Wise, "Low-Energy Supersymmetry," Nucl. 
Phys. B 207 (1982) 96. 

[5] M. Dine and W. Fischler, "A Supersymmetric Gut," Nucl. Phys. B 204 (1982) 346. 

[6] S. Dimopoulos and S. Raby, "Geometric Hierarchy," Nucl. Phys. B 219 (1983) 479. 

[7] C. R. Nappi and B. A. Ovrut, "Supersymmetric Extension Of The SU(3) X SU(2) X U(l) 
Model," Phys. Lett. B 113 (1982) 175. 

[8] M. Dine and A. E. Nelson, "Dynamical supersymmetry breaking at low-energies," Phys. 
Rev. D 48 (1993) 1277 larXiv:hep-ph/9303230| . 

[9] M. Dine, A. E. Nelson and Y. Shirman, "Low-Energy Dynamical Supersymmetry Breaking 
Simplified," Phys. Rev. D 51 (1995) 1362 |arXiv:hep-ph/9408384] . 

[10] M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, "New tools for low-energy dynamical 
supersymmetry breaking," Phys. Rev. D 53 (1996) 2658 |arXiv:hep-ph/9507378|. 

[11] G. F. Giudice and R. Rattazzi, "Theories with gauge-mediated supersymmetry breaking," 
Phys. Rept. 322 (1999) 419 |arXiv:hep-ph/98012711 . 

[12] M. Ibe and R. Kitano, "Sweet Spot Supersymmetry," JHEP 0708 (2007) 016 
[arXiv:0705.3686 [hep-ph] ] . 

[13] Y. Nomura and M. Papucci, "A Simple and Realistic Model of Supersymmetry Breaking," 
Phys. Lett. B 661 (2008) 145 jarXiv:0709.4"060l [hep-ph]]. 

[14] J. L. Feng, C. G. Lester, Y. Nir and Y. Shadmi, "The Standard Model and Supersymmetric 
Flavor Puzzles at the Large Hadron Collider," larXiv:0712.0674| [hep-ph]. 

[15] M. Y. Khlopov and A. D. Linde, "Is It Easy To Save The Gravitino?," Phys. Lett. B 138 
(1984) 265. 

[16] J. R. Ellis, J. E. Kim and D. V. Nanopoulos, "Cosmological Gravitino Regeneration And 
Decay," Phys. Lett. B 145 (1984) 181. 

[17] T. Moroi, H. Murayama and M. Yamaguchi, "Cosmological constraints on the light stable 
gravitino," Phys. Lett. B 303 (1993) 289. 

[18] M. Bolz, W. Buchmuller and M. Plumacher, "Baryon asymmetry and dark matter," Phys. 
Lett. B 443 (1998) 209 larXiv:hep-ph/9809381] . 



35 



T. Asaka, K. Hamaguchi and K. Suzuki, "Cosmological gravitino problem in 
gauge mediated supersymmetry breaking models," Phys. Lett. B 490 (2000) 136 
|arXiv:hep-ph/0005136] . 

M. Bolz, A. Brandenburg and W. Buchmuller, "Thermal Production of Gravitinos," Nucl. 
Phys. B 606 (2001) 518 [Erratum-ibid. B 790 (2008) 336] [arXiv:hep-ph/0012052] . 

L. Roszkowski, R. Ruiz de Austri and K. Y. Choi, "Gravitino dark matter in the 
CMSSM and implicati ons for leptogenesis and the LHC," JHEP 0508 (2005) 080 
|arXiv:hep-ph/0408227| . 

D. G. Cerdeno, K. Y. Choi, K. Jedamzik, L. Roszkowski and R. Ruiz de Austri, "Gravitino 
dark mat ter in the CMSSM with improved constraints from BBN," JCAP 0606 (2006) 
005 [arXiv:hep-ph/050927 5|. 

F. D. Steffen, "Gravitino dark matter and cosmological constraints," JCAP 0609 (2006) 
001 [arXiv:hep-ph/060530 6|. 

J. Pradler and F. D. Steffen, "Constraints on the reheating temperature in gravitino dark 
matter scenarios," Phys. Lett. B 648 (2007) 224 |arXiv:hep-ph/0612291] . 

L. O'Raifeartaigh, "Spontaneous Breakdown Of Internal Symmetry In Internal Symmetry 
X Supersymmetry," Phys. Lett. B 56 (1975) 41. 

R. Kitano, "Gravitational gauge mediation," Phys. Lett. B 641 (2006) 203 
|arXiv:hep-ph/0607090] . 

M. Dine and J. Mason, "Gauge mediation in metastable vacua," Phys. Rev. D 77 (2008) 
016005 |arXiv:hep-ph/0611312| . 

H. Murayama and Y. Nomura, "Gauge mediation simplified," Phys. Rev. Lett. 98 (2007) 
151803 |arXiv:hep-ph/0612186| . 



H. Murayama and Y. Nomura, "Simple scheme for gauge mediation," Phys. Rev. D 75 
(2007) 095011 |arXiv:hep-ph/0701231| . 

N. Haba and N. Maru, "A Simple Model of Direct Gauge Mediation of Metastable Super- 
symmetry Breaking," Phys. Rev. D 76 (2007) 115019 [arXiv: 0709 .29451 [hep-ph]]. 

C. Cheung, A. L. Fitzpatrick and D. Shih, "(Extra) Ordinary Gauge Mediation," JHEP 
0807 (2008) 054 |arXiv:0710.3585 [hep-ph]]. 

M. Ibe and R. Kitano, "Minimal Direct Gauge Mediation," Phys. Rev. D 77 (2008) 075003 
|arXiv:0711.0lT6l [hep-ph]]. 

M. Dine and J. D. Mason, "Dynamical Supersymmetry Breaking and Low Energy Gauge 
Mediation," larXiv:0712.1355l [hep-ph]. 



36 



[34] S. A. Abel, C. Durnford, J. Jaeckel and V. V. Khoze, "Patterns of Gauge Mediation in 
Metastable SUSY Breaking," JHEP 0802 (2008) 074 |arXiv:0712.18l2l [hep-ph]]. 

[35] N. Haba, "Meta-stable SUSY Breaking Model in Supergravity," JHEP 0803 (2008) 059 
|arXiv: 0802 .1758 [hep-ph] ] . 

[36] L. M. Carpenter, M. Dine, G. Festuccia and J. D. Mason, "Implementing General Gauge 
Mediation," larXiv: 0805 .29441 [hep-ph]. 

[37] M. Cvetic and T. Weigand, "A string theoretic model of gauge mediated supersymmetry 
beaking," arX iv:0807.3953l [hep-th]. 

[38] K. Intriligator, N. Seiberg and D. Shih, "Dynamical SUSY breaking in meta-stable vacua," 
JHEP 0604 (2006) 021 |arXiv:hep-th/0602239| . 

[39] D. Shih, "Spontaneous R-symmetry breaking in O'Raifeartaigh models," JHEP 0802 
(2008) 091 |arXiv:hep-th/0703196]. 



[40] M. Gomez-Reino and C. A. Scrucca, "Locally stable non-supersymmetric Minkowski vacua 



in supergravity," JHEP 0605 (2006) 015 | arXiv:hep-th/0 602246|. 

[41] O. Lebedev, H. P. Nilles and M. Ratz, "de Sitter vacua from matter superpotentials," 
Phys. Lett. B 636 (2006) 126 |arXiv:hep-th/0603047] . 

[42] E. Dudas, C. Papineau and S. Pokorski, "Moduli stabilization and uplifting with dynami- 
cally generated F-terms," JHEP 0702 (2007) 028 |arXiv:hep-th/0610297] . 

[43] H. Abe, T. Higaki, T. Kobayashi and Y. Omura, "Moduli stabilization, F-term up- 
lifting and soft supersymmetry breaking terms," Phys. Rev. D 75 (2007) 025019 
|arXiv:hep-th/0611024]. 



[44] R. Kallosh and A. Linde, "O'KKLT," JHEP 0702 (2007) 002 [arXiv:hep-th/06111 83|. 



[45] E. Dudas, talk at the PLANCK08 conference, Barcelona, Spain. 

[46] G. F. Giudice and A. Masiero, "A Natural Solution to the mu Problem in Supergravity 
Theories," Phys. Lett. B 206 (1988) 480. 

[47] S. P. Martin, "Compressed supersymmetry and natural neutralino dark matter from 
top squark-mediated annihilation to top quarks," Phys. Rev. D 75 (2007) 115005 
|arXiv:hep-ph/0703097] . 

[48] T. Liu and C. E. M. Wagner, "Dynamically Solving the n/B^ Problem in Gauge-mediated 
Supersymmetry Breaking," JHEP 0806 (2008) 073 [ arXiv:0803.2895l [hep-ph]]. 

[49] A. E. Nelson and N. Seiberg, "R symmetry breaking versus supersymmetry breaking," 
Nucl. Phys. B 416 (1994) 46 [arXiv:hep-ph7 9309299l . 



37 



S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, "De Sitter vacua in string theory," 
Phys. Rev. D 68 (2003) 046005 [arXiv:hep-th/0301240] . 

R. Kallosh and A. Linde, "Landscape, the scale of SUSY breaking, and inflation," JHEP 
0412 (2004) 004 |arXiv:hep-th/0411011| . 

Z. Lalak and O. J. Eyton- Williams, "Supersymmetry breaking in ISS coupled to gravity," 
larXiv:0807.4T20l [hep-th]. 

G. F. Giudice and R. Rattazzi, "Extracting supersymmetry-breaking effects from wave- 
function renormalization," Nucl. Phys. B 511 (1998) 25 |arXiv:hep-ph/9706540|. 

G. R. Dvali, G. F. Giudice and A. Pomarol, "The /z-Problem in Theories 
with Gauge-Mediated Supersymmetry Breaking," Nucl. Phys. B 478 (1996) 31 
|arXiv:hep-ph/9603238] . 

S. Dimopoulos and G. F. Giudice, "Multi-messenger theories of gauge-mediated supersym- 
metry breaking," Phys. Lett. B 393 (1997) 72 [arXiv:hep-ph/ 9609344] . 

K. M. Lee and E. J. Weinberg, "Tunneling Without Barriers," Nucl. Phys. B 267 (1986) 
181. 

V. S. Kaplunovsky and J. Louis, "Model independent analysis of soft terms in effective 
supergravity and in string theory," Phys. Lett. B 306 (1993) 269 |arXiv:hep-th/9303040] . 

M. S. Carena, P. H. Chankowski, M. Olechowski, S. Pokorski and C. E. M. Wagner, 
"Bottom-up approach and supersymmetry breaking," Nucl. Phys. B 491 (1997) 103 
[arXiv:hep-ph/9612261] . 



38 



